
21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

1

C
al

cu
la

tio
ns

 fo
r 

a 
H

g 
Je

t T
ar

ge
t i

n 
a 

S
ol

en
oi

d 
M

ag
ne

t C
ap

tu
re

 S
ys

te
m

 

S
te

ve
 K

ah
n

21
 J

u
n

e 
20

01

A
ut

ho
rs

:

J.
 G

al
la

rd
o,

 S
. K

ah
n,

 K
. M

cD
on

al
d,

 R
. B

. P
al

m
er

,

R
. S

am
ul

ya
k,

 P
. T

hi
eb

er
ge

r,
 R

. W
eg

ge
l



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

2

H
g

 T
ar

g
et

 f
o

r 
a 

N
eu

tr
in

o
 F

ac
to

ry
 o

r 
M

u
o

n
 C

o
lli

d
er

•
N

ee
d 

an
 in

te
ns

e 
pr

ot
on

 s
ou

rc
e 

on
 th

e 
ta

rg
et

.
–

S
uc

h 
a 

so
ur

ce
 w

ou
ld

 q
ui

ck
ly

 d
es

tr
oy

 m
os

t s
ol

id
 ta

rg
et

s.
•

A
lth

ou
gh

 a
 C

 ta
rg

et
 m

ig
ht

 s
ur

vi
ve

 a
 1

 M
W

 p
ro

to
n 

so
ur

ce
 it

 
w

ou
ld

 n
ot

 s
ur

vi
ve

 a
 4

 M
W

 s
ou

rc
e.

–
Li

qu
id

 m
et

al
 ta

rg
et

 c
ou

ld
 b

e 
re

cy
cl

ed
 a

fte
r 

pr
ot

on
 p

ul
se

.
•

A
 h

ig
h-

Z
 m

at
er

ia
l i

s 
de

si
ra

bl
e 

si
nc

e 
it 

pr
od

uc
es

 m
or

e 
in

te
ra

ct
io

ns
.

–
A

 H
g 

ta
rg

et
 w

ill
 p

ro
du

ce
 tw

ic
e 

th
e 

nu
m

be
r 

of
 u

se
fu

l 
pi

on
s

pe
r 

pr
ot

on
 th

an
 a

 C
 ta

rg
et

.
•

A
 H

g 
je

t i
s 

in
se

rt
ed

 in
to

 a
 2

0 
T

 s
ol

en
oi

d 
fie

ld
 a

t 2
0-

30
 m

/s
 

in
 o

ur
 d

es
ig

n.
  T

he
 in

te
ra

ct
io

n 
w

ith
 th

e 
fie

ld
 is

 th
e 

to
pi

c 
of

 
th

is
 ta

lk
.



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

3

L
is

t 
o

f 
F

o
rc

es
, P

re
ss

u
re

s,
 

D
is

to
rt

io
n

s,
 D

ef
le

ct
io

n
s

•
In

du
ce

d 
az

im
ut

ha
l E

dd
y 

cu
rr

en
t.

•
R

ad
ia

l f
or

ce
s:

  J
E

dd
y×

B
z

–
H

yd
ro

st
at

ic
 P

re
ss

ur
e

•
A

xi
al

 fo
rc

e
–

C
on

tr
ib

ut
io

n 
fr

om
 H

yd
ro

st
at

ic
 P

re
ss

ur
e

–
C

on
tr

ib
ut

io
n 

fr
om

 d
B

z/
dz

•
T

ra
ns

ve
rs

e 
fo

rc
es

 a
nd

 d
ef

le
ct

io
ns

•
S

he
ar

 fo
rc

es
•

T
ra

ns
ve

rs
e 

el
lip

tic
al

 d
is

to
rt

io
n



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

4

T
ar

g
et

in
g

 S
ch

em
at

ic

67
 m

r

33
 m

r
b

ea
m

H
g

 J
et

Begin 
overlap

End full 
overlap

End 
overlap

-6
0 Nozzle

-4
5

-3
0

Begin 
full 

overlap

0
+1

5

O
b

vi
o

u
sl

y 
N

o
t 

to
 S

ca
le

P
ro

to
n

 
b

ea
m

H
g

 J
et

P
ar

am
et

er
 

S
ym

bo
l 

C
ur

re
nt

 S
tu

dy
  

H
g 

Je
t 

R
ad

iu
s 

R
H

g 
0.

5 
cm

 
Je

t 
In

cl
in

e 
A

ng
le

 
θ j

et
 

67
 m

ra
d 

A
ng

le
 B

et
w

ee
n 

Je
t 

an
d 

B
ea

m
 

θ c
ro

ss
in

g 
33

 m
ra

d 
Je

t 
V

el
oc

it
y 

V
je

t 
30

 m
/s

ec
 

T
im

e 
B

et
w

ee
n 

P
ul

se
s 

∆t
 

20
 m

s 
L

en
gt

h 
of

 J
et

 
L

je
t 

60
 c

m
 

 

P
ar

am
et

er
 

S
ym

bo
l 

V
al

ue
 

C
on

du
ct

iv
it

y 
κ,

 Ω
 c

m
 

10
4 

D
en

si
ty

 
ρ,

 g
m

/c
m

3 
13

.4
  

Su
rf

ac
e 

T
en

si
on

 
T

su
rf

ac
e, 

n/
m

 
0.

45
6 

 



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

5

M
ag

n
et

 S
ys

te
m

 C
o

n
fi

g
u

ra
ti

o
n

C
o

il
 

Z
c

e
n

tr
a

l 
H

a
lf

-
W

id
th

 
R

in
n

e
r

 
R

o
u

te
r

 
J

 
 

c
m

 
c

m
 

c
m

 
c

m
 

K
a

m
p

s
/c

m
2

 

H
C

1
 

-
2

9
.3

5
 

4
2

.7
5

 
1

8
.0

0
 

2
3

.4
3

 
2

.7
9

6
 

H
C

2
 

-
2

6
.3

 
4

5
.8

0
 

2
3

.4
3

 
3

4
.0

1
 

2
.0

1
0

 
H

C
3

 
-

2
5

.0
5

 
4

7
.0

5
 

3
4

.0
1

 
4

4
.1

9
 

1
.4

7
5

 
S

C
1

 
-

5
4

.4
0

 
5

0
.3

0
 

6
0

.4
5

 
1

2
3

.9
7

 
2

.8
0

8
 

S
C

2
 

4
0

.1
0

 
3

4
.2

0
 

6
0

.4
5

 
1

0
9

.9
8

 
2

.8
0

9
 

S
C

3
 

1
4

4
.7

5
 

6
0

.4
5

 
7

3
.5

3
 

9
7

.0
3

 
3

.0
1

1
 

S
C

4
 

2
9

2
.2

5
 

7
7

.0
5

 
7

4
.9

5
 

8
5

.3
3

 
4

.2
7

8
 

S
C

5
 

4
8

4
.6

5
 

1
0

5
.3

5
 

8
2

.0
0

 
8

8
.4

0
 

5
.3

2
3

 
 T

a
b

le
 1

: 
 C

o
il

 p
a

r
a

m
e

te
r

s
 f

o
r

 t
a

r
g

e
t 

c
a

p
tu

r
e

 m
a

g
n

e
t 

s
y

s
te

m
. 

 

•B
el

ow
 is

 th
e 

co
il 

co
nf

ig
ur

at
io

n 
fr

om
 B

ob
 W

eg
ge

l (
21

-D
ec

-0
0)



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

6

F
ie

ld
 C

al
cu

la
ti

o
n

s

•
In

 th
is

 m
od

el
 a

 p
ol

e 
m

ad
e 

of
 V

an
ad

iu
m

P
er

m
ad

or
st

ee
l i

s 
pl

ac
ed

 in
 th

e 
20

 T
 fi

el
d 

to
 a

ct
 a

s 
a 

no
zz

le
.

–
T

hi
s 

st
ee

l h
as

 M
s=

2.
4 

T
. (

F
ig

ur
e 

sh
ow

n 
on

 n
ex

t 
tr

an
sp

ar
en

cy
).

–
T

he
 n

oz
zl

e 
is

 p
re

se
nt

 to
 in

su
re

 th
at

 th
e 

H
g 

je
t e

nt
er

s 
th

e 
fie

ld
in

ta
ct

.
•

O
pe

ra
-2

D
 is

 u
se

d 
fo

r 
fie

ld
 c

al
cu

la
tio

ns
.

–
T

hi
s 

is
 a

 2
D

 fi
ni

te
 e

le
m

en
t f

ie
ld

 s
ol

ve
r 

th
at

 s
ol

ve
s 

th
e 

cy
lin

dr
ic

al
 s

ym
m

et
ric

 p
ro

bl
em

.
–

O
nl

y 
th

e 
ho

le
 in

 th
e 

no
zz

le
 b

re
ak

s 
cy

lin
dr

ic
al

 s
ym

m
et

ry
.  

T
hi

s 
on

ly
 h

as
 e

ffe
ct

s 
in

 th
e 

vi
ci

ni
ty

 o
f i

ts
 a

pe
rt

ur
e.

 
•

T
he

 b
ea

m
 p

at
h 

is
 in

cl
in

ed
 w

ith
 r

es
pe

ct
 to

 th
e 

m
ag

ne
t a

xi
s 

at
 6

7 
m

ra
d.

–
Ju

st
ifi

ca
tio

n 
fo

r 
m

in
im

um
 p

er
tu

rb
at

io
n 

of
 th

e 
be

am
 p

at
h 

w
ill

 
be

 m
en

tio
ne

d 
la

te
r.



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

7

2D
 A

xi
al

 S
ym

m
et

ri
c 

M
o

d
el

10
06

 S
te

el

V
an

ad
iu

m
 P

er
m

ad
or

 
S

te
el

  M
s=

2.
4 

T



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

8

M
ag

n
et

ic
 F

ie
ld

 in
 L

o
ca

l C
o

o
rd

in
at

es

•
F

ig
ur

e 
sh

ow
 B

z
an

d 
B

y
in

 th
e 

lo
ca

l 
co

or
di

na
te

 s
ys

te
m

 o
f t

he
 H

g 
je

t.
–

Lo
ca

l s
ys

te
m

 is
 in

cl
in

ed
 6

7 
m

ra
d 

to
 s

ol
en

oi
d 

ax
is

.
–

F
ie

ld
 s

ho
w

n 
w

ith
 a

nd
 w

/o
 ir

on
 

po
le

 p
re

se
nt

:
•

P
ol

e 
ke

ep
s 

fie
ld

 r
ea

so
na

bl
y 

un
ifo

rm
 o

ve
r 

ta
rg

et
in

g 
re

gi
on

.

•
P

ol
e 

is
 V

an
ad

iu
m

 P
er

m
ad

ur
 

S
te

el
.

•
T

he
re

 is
 a

 2
T

 d
iff

er
en

ce
 d

ue
 to

 
po

le
.

•
F

ie
ld

 D
er

iv
iti

ve
s 

dB
z/

dz
 a

nd
 d

B
y/

dz
 

in
 lo

ca
l c

oo
rd

in
at

e 
fr

am
e.

L
o

ca
l F

ie
ld

 A
lo

n
g

 P
at

h

0510152025

-7
5

-2
5

25
75

A
xi

al
 P

o
s

it
io

n
, c

m

B, T

B
z,

 F
e

B
z,

 N
o 

Fe

10
 B

y,
 F

e

10
 B

y,
 N

o 
Fe

Fi
el

d 
De

riv
iti

es

-1
50

0

-1
00

0

-5
000

50
0

10
00

-7
5

-2
5

25
75

Pa
th

 P
os

iti
on

, c
m

dB/dz, gauss/cm

dB
z/

dz

dB
y/

dz



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

9

A
xi

al
 F

o
rc

es

φ
κ

κ
κ

si
n

2
4

4

2
2

2
2

dzdB
B

rv

dzdB
B

dzd
v

r
r

dzdB
v

r
f

z
y

z
z

o
z

z
−  

 
 

 
−

−
 

 
−

=

E
q

u
at

io
n

 f
o

r 
ax

ia
l f

o
rc

e 
o

n
 je

t 
in

 t
h

e 
fi

el
d

:

D
ir

ec
t 

te
rm

F
ro

m
 j φB

r

H
yd

ro
st

at
ic

 t
er

m

F
ro

m
 j φB

z 
tr

an
sf

er
re

d 
to

 
ax

ia
l d

ire
ct

io
n 

si
nc

e 
H

g 
is

 li
qu

id

S
h

ea
r 

te
rm

B y
f

F F

C
an

 b
e 

re
du

ce
d 

by
 

ke
ep

in
g 

in
cl

in
e 

an
gl

e 
sm

al
l a

nd
 b

y 
je

t r
ad

iu
s 

sm
al

l 

F
o

rc
e 

D
en

si
ty



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

10

C
u

rr
en

t 
D

en
si

ti
es

 In
d

u
ce

d
 in

 H
g

 J
et

•
A

n 
az

im
ut

ha
l c

ur
re

nt
 d

en
si

ty
 

is
 in

du
ce

d 
w

ith
 th

e 
fo

rm
:

•
A

n 
ax

ia
l c

ur
re

nt
 d

en
si

ty
 is

 
in

du
ce

d 
in

 r
eg

io
ns

 o
f 

ch
an

gi
ng

 B
y:

C
u

rr
e

n
t D

en
si

ty

-8
0

-6
0

-4
0

-2
0020406080

-7
5

-2
5

25
75

P
a

th
 P

o
si

ti
o

n
, 

cm
J, amp/cm2

Jp
hi

Jz

dzdB
rv

j
z

2κ
φ

=

dzdB
xv

j
y

z
κ

=



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

11

F
o

rc
e 

D
en

si
ti

es

•
A

xi
al

 fo
rc

e 
de

ns
ity

–
av

er
ag

ed
 o

ve
r 

ra
di

us

•
A

xi
al

 h
yd

ro
st

at
ic

 p
re

ss
ur

e 
fr

om
 r

ad
ia

l f
or

ce
–

av
er

ag
ed

 o
ve

r 
ra

di
us

•
N

um
er

ic
al

 e
va

lu
at

io
n 

us
es

–
r 0

=
 0

.5
 c

m
–

v z
=

 2
0 

m
/s

ec
–

� =
 1

×1
06

oh
m

-1
m

-1
 (H

g)

2
2 4

 
 

>=
<

dzdB
v

r
f

z
z

κ

 
 

 
  −

>=
<

dzdB
B

dzd
v

r
f

z
z

o
p

κ
82

Fo
rc

e 
De

ns
iti

es

-4
.E

+0
7

-3
.E

+0
7

-2
.E

+0
7

-1
.E

+0
7

0.
E+

00
1.

E+
07

2.
E+

07

-6
0

-1
0

40
90

14
0

19
0

Ax
ia

l P
os

iti
on

, c
m

Force Density, 
nt/m3

10
00

*fz
(o

ut
)

fr(
ou

t)



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

12

S
h

ea
r 

F
o

rc
es

F
o

rc
e

 o
n

 T
o

p
 H

al
f

-4
00

0

-3
00

0

-2
00

0

-1
00

00

10
0

0

20
00

-6
0

-1
0

40
90

14
0

19
0

A
xi

al
 P

o
si

ti
o

n
, c

m

dF/dz, nt/m

dF
z/

dz

dF
to

p/
dz



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

13

A
n

g
u

la
r 

D
ef

le
ct

io
n

 f
ro

m
 T

ra
n

sv
er

se
 

F
o

rc
e

•
T

he
 v

er
tic

al
 fo

rc
e 

 d
en

si
ty

 is

•
T

hi
s 

gi
ve

s

•
T

he
 r

es
ul

ta
nt

 d
ef

le
ct

io
n 

pe
r 

un
it 

le
ng

th
 is

–
T

hi
s 

is
 p

lo
tte

d 
in

 fi
gu

re

)
si

n(
φ

r
y

f
f

=

dzdB

dzdB
r

v
dzdF

z
y

y
4

8
κ

π
=

dzdB

dzdB
r

dzdv
z

y
y

ρ
κ 8

2

=

dzdB

dzdB

vr

dzd
z

y

ρ
κ

θ
8

2

=

An
gu

la
r D

ef
le

ct
io

n

-5
.0

E-
05

0.
0E

+0
0

5.
0E

-0
5

1.
0E

-0
4

1.
5E

-0
4

2.
0E

-0
4

2.
5E

-0
4 -6

0
40

14
0

Ax
ia

l P
os

iti
on

, c
m

d(theta)/dz, radian/m



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

14

In
te

g
ra

te
d

 A
n

g
u

la
r 

D
ef

le
ct

io
n

•
T

he
 fi

gu
re

 s
ho

w
s 

 d

� /d
s 

an
d 

δ x
in

te
gr

at
ed

 o
ve

r 
th

e 
pa

th
 

le
ng

th
.

•
T

he
 H

g 
je

t w
ill

 b
e 

de
fle

ct
ed

 
~

0.
1 

m
ra

d 
ov

er
 th

e 
tr

aj
ec

to
ry

.
•

T
he

 s
pa

ci
al

 d
ef

le
ct

io
n 

is
  

le
ss

 th
an

 0
.1

5 
m

m
 o

ve
r 

th
e 

1.
5 

m
et

er
 p

at
h.

•
A

dj
us

tin
g 

th
e 

fie
ld

 fo
r 

th
e 

ch
an

gi
ng

 p
at

h 
ha

s 
no

t b
ee

n 
do

ne
.  

T
hi

s 
pr

ob
ab

ly
 is

 n
ot

 
im

po
rt

an
t.

In
te

g
ra

te
d

 D
e

fl
e

ct
io

n

0
0.

00
2

0.
00

4
0.

00
6

0.
00

8
0.

01
0.

01
2

-6
0

-1
0

4
0

9
0

1
40

1
90

A
xi

al
 P

o
si

ti
o

n
, c

m

Deflection, cm

In
te

g
ra

te
d

 A
n

g
u

la
r 

D
e

fl
e

ct
io

n

0.
E

+
00

2.
E

-0
5

4.
E

-0
5

6.
E

-0
5

8.
E

-0
5

-6
0

40
14

0

A
xi

al
 P

o
si

ti
o

n
, c

m

Deflection, radians



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

15

D
ec

el
er

at
io

n
 o

f 
H

g
 J

et

•
G

re
en

 c
ur

ve
 in

 fi
gu

re
 is

 th
e 

to
ta

l a
xi

al
 d

ec
el

er
at

io
n 

of
 th

e 
H

g 
je

t e
nt

er
in

g 
th

e 
m

ag
ne

ts
: 

� V –
V

(z
) 

=
 V

0–

� V

•
B

lu
e 

cu
rv

e 
sh

ow
s 

th
e 

co
nt

rib
ut

io
n 

fr
om

 a
xi

al
 fo

rc
e,

 
<

f z
>

.
•

R
ed

 c
ur

ve
 s

ho
w

s 
th

e 
co

nt
rib

ut
io

n 
fr

om
 th

e 
hy

dr
os

ta
tic

 p
re

ss
ur

e 
re

su
lti

ng
 fr

om
 th

e 
ra

di
al

 
fo

rc
e,

 <
f p

>
.

Av
era

ge
 Re

du
ctio

n in
 Ve

loc
ity

-0.
06

-0.
04

-0.
020

0.0
2

0.0
4 -60

-10
40

90
140

190

Ax
ial 

Po
sit

ion
, cm

del V, m/sec

To
tal

Ax
ial 

Fo
rce

Hy
dro

sta
tic



21
 J

un
 2

00
1

PA
C

 2
00

1 
H

g 
Je

t i
n 

Fi
el

d
St

ev
e 

K
ah

n 
  P

ag
e 

16

T
h

es
e 

ar
e 

re
su

lt
s 

o
f 

M
ag

n
et

o
h

yd
ro

n
d

yn
am

ic
s 

ca
lc

u
la

ti
o

n
s 

d
o

n
e 

w
it

h
 t

h
e 

F
ro

n
T

ie
r 

co
d

e.
  (

R
. S

am
u

ly
ak

)

T
h

es
e 

ar
e 

in
it

ia
l r

es
u

lt
s 

o
f 

an
 

ex
p

er
im

en
t 

p
er

fo
rm

ed
 a

t 
G

re
n

o
b

le
 b

y 
o

u
r 

co
lla

b
o

ra
to

rs
.

N
o

 F
ie

ld

13
 T

 F
ie

ld
 


